Abstract: Our work on conductive polymer (CP) systems grafted with stimuli-responsive polymer brushes is motivated by the prospect of precisely controlling cellular behaviour by tailored smart interfaces. Here, the effects on cell adhesion by applying a potential to poly(3,4-ethylenedioxythiophene) (PEDOT) during both protein coating and cell culture is investigated. The results highlight the importance of pre-adsorbing fibronectin in this case, especially for the reduced polymer which binds protein strongly. The effects of changing the surface chemistry of the PEDOT electrode by grafting of brushes by atom transfer radical polymerisation (ATRP) is also investigated. Specifically, the composition of the salt-sensitive poly(oligo(ethylene glycol methyl ether methacrylate))-based brushes was tailored to control the level of cell adhesion to the interface. The composition, and also the length of the grafted brushes was seen to be important to the cell adhesion. It is also demonstrated how PEDOT films grafted with a protein and cell rejecting brush can be converted to a cell adhesive state by attaching an integrin ligand to the brush to mediate cell adhesion.
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Introduction
Considerable research efforts have been put into how cells are affected by their microenvironment. This has been driven by the need for better in vitro cell culture for the development of tissue engineering and stem cell therapy applications. To achieve this, there is a need for increased molecular understanding about cell-interface interactions both in vitro and in vivo. Cells are affected by their local environment and factors such as surrounding cells, proteins present, stiffness of material, electric or chemical potentials, nano and microfeatures and signalling molecules all contribute to determine the cellular function and fate [1] [2] [3] [4] [5] .
Until about 40 years ago carbon based polymers were regarded as insulators. The discovery that polyacetylene can behave as a semiconductor has led to the development of conductive polymers (CPs) by doping semiconducting polymer derivatives [6] . The development of highly conducting polymers with sufficient stability and processibility has led to applications in for example displays and batteries. These materials also hold promise for solar cells [7] , actuators [8] , biosensors [9] [10] [11] and controlled release of drugs or signalling molecules [12] [13] [14] [15] . The bioelectronics field is driven by the goal of an increased understanding of biological phenomena and by the potential applications of bioelectronics in healthcare. CPs have recently been exploited as materials both in biomedical engineering and to interface electronic biomedical devices with living tissues [16] [17] [18] [19] [20] . Conductive poly(pyrrole) (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) have been of particular interest owing to their established biocompatibility and electroactivity in aqueous solutions [17, 19, [21] [22] [23] .
Electrical stimulation of CP films has been shown to affect protein adsorption and subsequent cellular responses [5, 24] .
Recent developments in polymer chemistry such as controlled radical polymerisation (CRP) [25] techniques provide a versatile toolbox for attaching customised polymers by 'grafting to' or 'grafting from' a polymer backbone, support or surface [26] . Atom transfer radical polymerisation (ATRP) and reversible addition-fragmentation chain transfer (RAFT) polymerisation [25] have commonly been used to produce tailored surfaces with polymer brushes [27] . Polymer brushes based on conductive polymers have been described as a means to improve or alter properties of the backbone CP, including morphology, optical or mechanical properties and solubility [28] [29] [30] [31] [32] . CP-based brushes have also been explored as stimuli-responsive surfaces with Grande et al. [30] reporting the first study on grafting of brushes from an electrochemically produced backbone, and further reports from our group on electro-activity and switching of CP-g-brush systems [33] [34] [35] [36] .
This paper investigates methods to modulate cell adhesion to conductive polymers, by changing the redox state of the polymer and by grafting polymer brushes from the CP backbone. The brushes of choice are variations of the well-known salt and thermoresponsive poly(oligo(ethylene glycol methyl ether methacrylate))-based brushes [37] [38] [39] . These materials have previously been grafted from PEDOT to render the material protein and cell rejecting [40] , and here that concept is extended by investigating different brush compositions and by functionalising the brush with the integrin ligand RGD [41] to facilitate cell adhesion. These methods are all developed to be scalable to produce and investigate the large area samples needed for cell culture. The adhesion of fibroblasts was observed to be strongly affected by the investigated modifications to the conductive polymer film, i.e., by redox state, grafting of polymer brushes and display of cell adhesion peptides.
Materials and methods
(3,4-ethylenedioxythiophene)methyl 2-bromopropanoate (BrEDOT) was synthesised according to previously-reported method [34] . 3,4-ethylenedioxythiophene (EDOT), di(ethylene glycol) methyl ether methacrylate (MEO 2 MEA) and poly(ethylene glycol) methyl ether methacrylate MW 475 g/mol, or 300 g/mol (OEGMEA 475 , OEGMEA 300 ) and poly(ethylene glycol) methacrylate MW 360 g/mol(HOEGMA 360 ) were purchased from Sigma-Aldrich and used as received.
Electropolymerisation of conductive polymer films: All electropolymerisation was carried out using a square geometry electrochemical cell, with an Au-coated substrate as the working electrode, stainless steel mesh counter electrode, and Ag/AgCl (3 M KCl) reference electrode. PEDOT films for electrically-stimulated cell culture were polymerised by cyclic voltammetry (CV) (0.02 M EDOT and 0.1 M tetraethylammonium tetraflouroborate in propylene carbonate, -0.3 to 1.4 V, 0.1 V/s, 10 cycles) onto cleaned gold-coated glass slides. Substrates were then cycled in TRIS (2-amino-2-hydroxymethyl-propane-1,3-diol) buffer (10 mM TRIS, 137 mMNaCl, pH 7.4), followed by rinsing in Milli-Q water and drying with nitrogen. P(BrEDOT-co-EDOT) was deposited using a similar protocol to PEDOT, but using a ratio of 1 : 20 EDOT : BrEDOT in the feed solution, correlating to about 75% BrEDOT in the final polymer [34] . PBrEDOT was deposited by cyclic voltammetry in two layers for improved adhesion. Grafting of P(OEGMEA-co-MEO 2 MEA) brushes: Surface-initiated grafting of brushes was carried out using either traditional ATRP or AGET (activators generated by electron transfer) ATRP as follows.
AGET-ATRP:
The CP-covered electrode was added to a solution of CuCl 2 (3.3 mg, 25 µmol), 16 .06 µl of methyl 2-bromopropionyl and PMDETA (5.22 µl, 25 µmol) in ethanol (4.7 ml). Monomer was added, totalling 7.2 mmol, and the flask was sealed and purged with N 2 for 1 h. Ascorbic acid (1.54 mg, 8.75 mmol), dissolved in 0.5 ml deionised water (Milli-Q, 18.2 MΩ.cm), was added dropwise and stirred at 40°C in an oil bath for 18 h. AGET-ATRP was used for relatively small substrates (gold on silicon wafers, 6 × 35 mm, prescored for later cell culture on 6 × 6 mm samples).
ATRP: Monomers (MEO 2 MEA, OEGMEA 300 or HOEGMA 360 -total concentration 31.6 mmol), methanol (5 ml) and water (10 ml) was added to a Schlenk flask, stirred and bubbled with nitrogen. Subsequently 2,2ʹ-bipyridine (1.67 mmol) and CuCl 2 (0.053 mmol) was added. After a minimum of 1 h of bubbling, CuCl (0.53 mmol) was added, and bubbling and stirring continued for another hour. Samples were added to reaction vessels, which were sealed with septa and evacuated and backfilled with nitrogen repeatedly. The reaction mixture was then syringed onto the samples. The vessels were fitted with nitrogen balloons and left to react at room temperature without stirring (2-5 h).
For all grafting, samples were rinsed with deionised water (Milli-Q, 18.2 MΩ.cm), and treated with EDTA (50 mM, overnight) to remove any residual copper. This ATRP protocol can be scaled to cover whole microscope slides, and can be performed on multiple slides in parallel by using polypropylene staining jars.
Peptide coupling was performed using p-nitrophenylchloroformate (NPC) [42, 43] as activating agent for the terminal -OH group on the HOEGMA part of the brush. NPC (28.2 mg, 0.14 mmol) was added to a flask, sealed and evacuated, followed by the addition of 10 ml dry tetrahydrofuran and 14 mg triethylamine (0.14 mmol). The solution was syringed onto samples (PBrEDOT-g-P(HOEGMA 360 -co-OEGMEA 300 , 1 : 1) in evacuated flasks and reacted while shaking (RT, 1 h). Samples were rinsed with dry THF, dried with nitrogen and stored under nitrogen until reacted with peptide. To flask, 5 ml dry DMF and DMAP (0.153 mg) was added followed by 0.3 mg cRGDfK (dissolved in 50 µl dry DMSO). The solution was syringed onto sample in separate flask (under nitrogen) and left to react at room temperature (70 RPM in water bath) for 18 h. After the reaction the sample was rinsed with DMF and treated with 0.5 M ethanolamine in DMF for 15 min followed by further rinse in DMF, 3 × 1 h in water and finally dried with nitrogen.
Cell culture: Human fibroblasts derived from normal human skin tissue was maintained according to standard cell culture protocols in Dulbecco's modified Eagle's medium (DMEM), 10% foetal bovine serum (FBS), 100 IU/ml penicillin, 100 mg/ml streptomycin, 292 mg/ml glutamine (PSG) (Invitrogen, Auckland, New Zealand). For all cell experiments, all components (samples/wells/tweezers/clamps) were sterilised with 70% ethanol and left to dry in a laminar hood. For electrically-stimulated cell culture, home-made PDMS wells ( Figure 1 ) were clamped to the slide. Wells were washed with PBS twice; while immersed, they were connected to a power supply (made from 2 × 1.5 V batteries coupled to a trim pot for regulation of potential applied) and 0.5 V was applied between the two PEDOT electrodes (the potential on the positive electrode was measured to vary between 0.3 V to 0.45 V over time, a result of simply applying a potential window without using a reference electrode) Subsequently, fibronectin (20 µg/ml in TRIS buffered saline, TBS) or serum proteins (DF10 media) was allowed to adsorb under potential bias (2 h at room temperature). After protein adsorption, wells were rinsed (2 × 15 min TBS), treated with BSA (2% 30 min RT) and rinsed again (2 × 15 min TBS) prior to cell seeding (3000 cells/well for PDMS wells (=107 cells/mm 2 ) and 6000 cells/well for standard 8 well chamber slides (=75 cells/mm 2 )). In PDMS wells, cells were allowed to settle for 30 min prior to adding 50 µl DF 10 media to each well to establish a salt bridge connection between the electrodes. The wells were covered by a thin PDMS sheet (permeable to gas exchange). After 24 h (at 37°C, 5% CO 2 ), the wells were washed twice with TBS and fixed with 2% formaldehyde for 10 min, washed twice with TBS, permeabilised with 0.1% Triton X100 in TBS (TTBS) for 10 min, and then incubated with 2% BSA in TTBS for 2 h. After removal of BSA, the samples were incubated with anti-Ki67 monoclonal antibody diluted 1 : 500 (Abcam) and anti-Vinculin monoclonal antibody diluted 1 : 800 (Sigma, Auckland, New Zealand) in TTBS for 2 h. Samples were washed three times with TTBS followed by addition of secondary antibodies, goat anti-mouse IgG1 Alexa 647 (Invitrogen), diluted 1 : 200, goat anti-rabbit IgG Alexa 488 (Invitrogen). At the same time, DAPI nuclear stain (Invitrogen) diluted 1 : 2000 and phalloidin 555 (Invitrogen) for staining of actin fibres were added, and the samples were incubated for 1 h at room temperature in the absence of light. Following three washes with TTBS and one in TBS, the samples were mounted using Prolong Gold Antifade Reagent (Invitrogen) before fluorescent microscopy analysis. For cell adhesion to grafted samples, standard 8 well systems reused from chamber slides were glued onto samples using silicone sealant and left to cure overnight (ATRP samples), or 6 × 6 mm samples were placed in 24 well plates (AGET-ATRP samples, plate blocked with BSA first). Samples were primed by washing with PBS (2 × 15 min) prior to cell seeding (14250 cells/well for 24 well plate, 8000 cells/well for chamber slide wells), After 24 h incubation, cells were fixed and stained with similar protocols as for electricallystimulated cell culture. 
Results and discussion
Conductive polymers are promising biointerfaces, with proven biocompatibility and the ability to provide low impedance electrical stimulation [19, 44] . Here, the influence of the oxidation state of PEDOT and the effect of grafted and functionalised polymer brushes from PEDOT on human fibroblast cell adhesion was studied. By electropolymerising EDOT onto gold-covered glass slides in a square geometry with a large counter electrode, large scale homogenous conductive polymer films were produced, suitable for cell studies.
Oxidation state of PEDOT:
One way to modulate cell behaviour on conductive polymers is to present the conductive polymer in different oxidation states. To investigate cell adhesion on oxidised and reduced forms of PEDOT, the PDMS wells were manufactured to allow for electrolyte contact, but not cell mobility between working and counter electrode in a simple two electrode setup (see Figure 1 ). The electrodes were connected to a simple, homemade, completely sealed and sterilisable power supply. As it is a two electrode setup, the difference between the positive and negative electrode can be set, but not the exact potential at each electrode. In a separate test, the potential on the positive electrode was measured to vary between 0.3 V to 0.45 V over time when a 0.5 V difference was applied. This potential range is acceptable, as in either case the positive electrode is held at a potential where the PEDOT is oxidised, while the PEDOT on the counter electrode will be in the reduced state [34] . PDMS was chosen owing to its simple fabrication and biocompatibility, and is well suited for long term cell culture [45] . Representative pictures from fibroblasts on oxidised or reduced PEDOT, as well as bare gold (anode and cathode) and glass control are shown in Figure 2 . It can be seen that the cells are nicely spread after 24 h on the glass control slide (see also fibroblasts on unstimulated PEDOT using the same PDMS well system in supporting information, Figure S1 ).On the electrically stimulated samples, the response varies depending on the oxidation state of the PEDOT, and the presence or absence of pre-adsorbed fibronectin (FN) (fibronectin or serum pre-adsorbed under potential bias). Interestingly, the cells are well spread and thriving on the reduced PEDOT when fibronectin was pre-adsorbed prior to cell adhesion, while there are only few and generally not spread cells present on the reduced polymer with serum pre-adsorbed. For the oxidised polymer with serum, there are many more adherent cells present; meanwhile, the FN-adsorbed oxidised PEDOT contains fewer cells than its reduced counterpart. The cells on FN-adsorbed oxidised PEDOT are spread, but with a rounder morphology and reduced adhesion (as seen by the relatively large number of cells that have been rinsed off, leaving a footprint but no nucleus). The cells appear somewhat adversely affected by the positive potential (also on the bare gold with fibronectin adsorbed), showing a spindle-like morphology. Previous studies of cell adhesion to oxidised and reduced PEDOT:tosylate have described a higher cell attachment to the oxidised polymer [46, 47] when serum proteins were pre-adsorbed. This was interpreted as stronger protein adhesion onto the reduced polymer, hindering subsequent protein replacement with extracellular matrix proteins. Gumus et al. [48] also described a higher cell migration on the oxidised end of a gradient-biased polymer (serum pre-adsorbed). They also measured FN adsorption and found a higher adsorption onto the reduced polymer, but did not study cell adhesion to polymer with pre-adsorbed FN [48] . Controversially, it has previously been reported that more FN is adsorbed on oxidised polypyrrole doped with dextran sulphate, compared to reduced films, which was interpreted as being due to an unfolding and aggregation of the FN on the oxidised film [49] . The CP type, dopant used and potential bias applied are all expected to influence the amount of adsorbed protein, as well as protein orientation and conformation. Our results here with PEDOT:BF 4 are in agreement with previous studies, in that more cells are seen to adhere to the oxidised PEDOT when serum is pre-adsorbed. The rescued cell behaviour on the reduced PEDOT when FN is pre-adsorbed fits well with the notion that the reduced polymer allows for strong protein adhesion [46, 47] . The opposing effects seen -depending on whether FN or serum is pre-adsorbedhighlight the importance of pre-treatment with extracellular matrix protein, especially to surfaces that binds protein strongly. PBrEDOT-g-P(OEGMEA-co-MEO 2 MEA): In an effort to provide cells with a more tailored electrically active interface, we have developed protocols to graft polymer brushes from CP films by CRP techniques [33] [34] [35] [36] 50] ; we have shown electroactivity of these materials, and in some cases, switchability. Here, we have investigated cell adhesion to brushes grafted from PBrEDOT films. The brushes that were grafted were based on poly(ethylene glycol) methyl ether methacrylate (OEGMEA) of different molecular weights, compositions and grafting protocols. These brushes are salt-and temperature-sensitive and exhibit a lower critical solution temperature (LCST). The temperature that the brushes collapse at depends on the composition of the brush (the number of ethylene glycol units in the methacrylate monomer). Therefore, monomers with 2 EG units (MEO 2 MEA) and monomers with 4.5 (Mw300) or 8.5 (Mw≈500) EG units were copolymerised. This allows the investigation of cell adhesion to surfaces consisting of presumably collapsed brushes (MEO 2 MEA), surfaces with swollen, protein-and cell-repelling OEGMEA, and various combinations thereof. In one protocol used specifically to target short brushes, the brushes were grafted by AGET-ATRP from a CP electropolymerised from 20 : 1 BrEDOT:EDOT monomer feed The resulting brushes were estimated to have a dry thickness of around 10 nm (data not shown). The very thin nature of the grafted polymer may affect protein and cell adhesion to the samples. When the cell adhesion to these materials is contrasted to expected LCSTs established for similar brushes grafted from other substrates, it is clear that there are differences indicating that the grafts may not behave as brushes, but perhaps exhibit a mushroom-type configuration instead. This is based on the larger than expected ratio of OEGMA 475 to MEO 2 MEA in the copolymer that is needed to achieve a cell repellent surface [37, 51, 52] . To investigate these effects further, we studied longer brushes grafted from a film with more densely presented initiator sites (no copolymerisation with EDOT). Additionally, the AGET-ATRP protocol requires stirring, so in order to be able to more easily graft from full slides we utilised a traditional ATRP protocol and omitted the addition of sacrificial initiator in solution to favour growth from the surface. With these longer and denser brushed presented from the PBrEDOT film (Figure 4 ), a different cell behaviour was seen: very few cells were present on any of the grafted samples, even on compositions as low 2% OEGMEA 300 . In this case, the grafted polymer is presented in the brush regime, and it appears that even in the dehydrated collapsed state, the brushes reject cell adhesion to some extent over the 24 h period investigated. Other studies suggest that the cell adhesion may be considerably slower on these types of brushes, even in the collapsed state, when compared to plastic or glass for example [39, 53, 54] , an effect that appears modulated by both the density and thickness of the brush. The effects we have observed here suggest that the short, lower density grafts presented in Figure 3 may be more promising to provide modulated cell adhesion to conductive polymer films for shorter adhesion times.
To further investigate the influence of the grafting protocol on cell adhesion, we investigated PBrEDOT-g-P(MEO 2 MA) prepared by grafting by ATRP for 2 h or 5 h, respectively. This would lead to brushes with dry thicknesses of about 60 nm or 120 nm, respectively (ellipsometry, data not shown). Fibroblast cell adhesion for 24 h confirmed that the cell adhesion is severely impaired on the longest P(MEO 2 MA) brush; for the shorter grafting time, cells adhere well, although they do not spread quite as well as on the ungrafted control. The shorter grafting time is more in line with literature demonstrating thermal switching of cell adhesion [39, 53, 54] , some of which also employed 'grafting to' techniques which would render less dense brushes. P(OEGMEA)-based brushes provide a very biocompatible interface which is hydrated and soft. This may well act to offset some of the stiffer mechanical properties of the conductive polymer, while still providing an electroactive material for cell stimuli. The ability to produce a protein-and cell-rejecting PEDOT-g-P(OEGMEA) has previously been published by Zhao et al. [40] . Here, that is extended to convert the grafted material from cell-rejecting to cell-adhesive by linking a cell adhesion peptide (cRGDfK) to a brush containing hydroxyl-terminated HOEGMA 360 . Figure 5 show how the grafted film is successfully transformed from being cell-rejecting to allowing cells to attach and spread. As the polymer brush that the peptide is coupled to remains protein-rejecting, this also provides a platform to study adhesion or response to a specific peptide rather than a mixed response to peptide and adsorbed serum components, and therefore open the way for combined studies of electrical stimuli and peptide signalling. 
Conclusion
Herein, different approaches to modulate cell adhesion to conducting polymer films are presented. It is found that the pre-adsorption of fibronectin to biased PEDOT is critical to the cell response, with the best cell adhesion seen to the reduced PEDOT with pre-adsorbed FN. PEDOT modified with an ATRP initiating site was utilised to graft polyethylene glycol based brushes and effects relating to brush thickness and composition are outlined. Modulation of cell adhesion with brush composition was observed for very short brushes, while the longest brushes had impaired cell adhesion even to brushes with LCSTs below 37°C. Finally, a cell adhesion peptide was coupled to the otherwise cell-rejecting PBrEDOT-g-(OEGMA 300 -co-HOEGMA 360 ), which successfully converted the material to be cell-adhesive. These approaches provide a platform for the creation of tailored electrically active biointerfaces, providing possibilities for matching of mechanical properties, bioactivity, and charge transport between the biointerface material and living tissues.
Supporting information
Figure S1 S39 Fibroblast after 24 h adhesion to PEDOT in PDMS well. Imaged using 20× objective and stained with DAPI (nucleus, blue) and phalloidin (red, actin) (see online version for colours)
